In this study, the mineral composition of germinated brown rice, brown rice, and white rice was evaluated. Brown rice grain was processed through a combination of chemical pretreatment and low oxygen treatment, after which germination was confirmed through imaging under a microscope. Using energy dispersive X-ray analysis, Mg, Al, and Cl were found to be slightly higher in germinated brown rice than in brown rice and white rice. These variations in the mineral content of germinated brown rice were attributed to the joint effect of the germination process and the prior soaking. The inability of energy dispersive X-ray to detect other minerals suggested that it was not sensitive and, hence, it was not suitable for studying elemental distribution in rice grains, or maybe the elements were not present in the rice grains studied.
INTRODUCTION
Morphologically, germination is the transformation of an embryo into a seedling. [1] Physiologically, it is the resumption of suspended metabolism and growth and the switching on of the transcription of the genome. [1] Biochemically, it is the sequential differentiation of oxidative and synthetic pathways. [2] The first step in germination is imbibitions. [2] In this process, water penetrates the grain coat and begins to soften the hard, dry tissues inside. The water uptake causes the grains to swell up, and the coat eventually splits, open allowing water to enter at a faster rate. The water begins to activate the biochemistry of the dormant embryo. [2] Various requirements must be satisfied before germination can occur. In most cases, there must be sufficient oxygen to allow aerobic respiration, suitable temperature to permit various metabolic processes to continue at an adequate rate, and enough moisture for growth and development. [1] The biochemical and molecular factors affecting germination have been the object of study. [3] Ritchie and Gilroy [4] proposed a detailed model describing the biochemical and molecular factors preceding germination, based on the barley aleurone which shows how gibberellic acid (GA) ultimately causes the transcription of hydrolytic enzymes including α-amylase. Additionally, the germination of monocots, like rice, has been extensively studied. [5−8] The germination of seeds can be enhanced by factors like chemical pretreatment [9] and anoxia. [10] The effects of hydrogen peroxide (H 2 O 2 ), [11] sodium hypochlorite (NaOCl), [12] temperature, [13] and anoxia [10] have been reported by different researchers. In agriculture, H 2 O 2 serves as a signalling molecule that enhances the tolerance of seeds to various stresses [14] and enhance the germination of seedlings. [9, 11] Anoxia and sodium hypochlorite pretreatment are other factors that have been proven to enhance the germination of seedlings and the activation of α-amylase. [10] In fact, among all grains studied by Perata et al., [10] only rice had an exceptional ability to germinate under anoxia. Furthermore, energy dispersive X-ray (EDX) analysis is used to study the elemental and chemical compositions of a wide range of materials. [15] Specifically, it can be used to study elemental composition of seeds and grains. [16] Also, the elemental composition of rice has been reported based on the use of different analytical methods. [17−19] EDX is appealing because it is a relatively simple analytical technique that does not require rigorous sample preparation. [20] However, to the best of the authors knowledge, EDX analysis of brown rice (BR) and especially germinated brown rice (GBR) is sadly lacking. Therefore, the mineral composition of rice grains were studied using EDX to determine the suitability of this method for elemental determination in rice grains. The focus was on the levels of P, K, Mg, Ca, S, Si, and Zn within these deposits. It is believed this is the first study of mineral composition in GBR using EDX spectroscopy and the first comparison of its composition with that of BR and WR. The suitability of an analytical method clearly needs to be determined to enable researchers to choose an ideal method for their studies.
MATERIALS AND METHODS

Chemicals
Hydrogen peroxide (H 2 O 2 ) was purchased from Bendosen Laboratory Chemicals (Selangor, Malaysia) and sodium hypochlorite was purchased from Takrif Bestari Sdn Bhd. (Selangor, Malaysia).
Rice Sample
One lot (100 kg) of MR220 and MR219 varieties of BR and WR were procured from a local milling factory in Tanjung Karang, Selangor, Malaysia and stored at 4 o C. These are the commonly consumed rice varieties in Malaysia. The required quantity of rice was taken out only when needed for the experimental work. The moisture contents of BR and WR were 5.27 and 7.74%, respectively, as determined by a moisture analyzer (MLB 50-3, Kern & Sohn GmbH, Germany) at 110 o C.
Germination Process
BR (100 g) was surface sterilized for 30 min with 0.1% sodium hypochlorite (1:5, w/v) in a beaker. The BR was rinsed with several changes of clean tap water and then soaked for 3 to 6 h in 0.5% H 2 O 2 . As a control, clean tap water without H 2 O 2 was used to soak the BR. The pre-germination was carried out in a dark room at 35 o C, after which the water was drained. The pre-germinated BR was transferred to a square plastic container and allowed to germinate in the darkness of an oven at 35 • C for up to 24 h. The plastic container was closed with a lid to create a low oxygen tension. Room temperature was used to germinate BR as a control. The grains were then frozen at -80 • C before analysis.
Imaging of Rice Kernels During Germination
Photographs of GBR kernels were taken with a Hirox KH-770 3D Digital Microscope (Tokyo, Japan) to see the developmental changes of their sprouts at different germination intervals. Rice was viewed under this microscope directly at different time intervals without special sample preparation.
Sample Preparation for EDX Analysis
The rice kernels of GBR were cut in half along the cross-sectional axis. Samples were attached to a SEM stub using a double-backed cellophane tape. The stub and samples were examined, photographed, and connected to an EDX for elemental analyses.
EDX
EDX analyses of WR, BR, and GBR were carried out as reported previously. [20] Briefly, analyses were performed at 20 kVp and 80µA with a magnification of 100 X using the scanning mode of Leo 1455 VPSEM (UK) and INCA microanalysis systems (Oxford Instrument Analytical, Bucks, England). The elements were observed using mapping and point identification, with thresholding of α = 2. All spectra were collected for 60 s with aperture, spot size, tilt, and detector distance kept the same for all analyses. Only those spectra collected with greater than 1000 count s −1 and less than 5% dead time were used. Elements in the grains were matched against a standard spectra of elements originally calibrated onto the system, and their values (%) were automatically calculated by the system software. X-ray counts for all the spectra were collected by integrating the peaks at the selected window widths. Actual counts were obtained after subtracting background counts from the total number of counts in the element. Expression was based on a format that entails expressing peak values in the form of peak-to-background (P/B) ratio, defined as the number of counts above the background of peak divided by the number of background counts. [21] 
Analysis of Results
All analyses were done in triplicate. Analysis of variance (ANOVA) was done using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) to assess the significance of the differences between the means at p < 0.05.
RESULTS AND DISCUSSION
Germination Process
As shown in Table 1 , soaking of BR in H 2 O 2 solution for 6 h increased the germination percentage (91.5% at a higher temperature) when compared to the control (soaked in tap water) in which the germination was 81.5%. However, pretreatment with H 2 O 2 solution for 3 h at 35 o C was not different from soaking in water. Table 1 shows that H 2 O 2 pretreatment generally resulted in an improvement in germination percentages when matched with the corresponding controls, soaked in water, only for a few exceptions. This is also true for pretreatment at room temperature. Surprisingly, pre-germination times of 3 and 6 h did not show any difference except when H 2 O 2 solution was used at 35 o C.
As previously reported, H 2 O 2 pretreatment is used to break the seed dormancy of rice to enhance its germination. [22] This effect of H 2 O 2 has also been reported for other grains, [23, 24] establishing it as a germination enhancer. The molecular mechanisms underlying germination of rice seeds are still being unravelled. However, it is known that an important mechanism involved in the germination of cereal seeds is GA signalling, and only rice is known to respond to this vital molecule under anoxic conditions. [10] The fact that α-amylase is synthesized under anaerobic conditions in rice seeds, but not in barley and wheat, suggests that the biochemical mechanisms for germination in rice seeds differ from those of other grains, [10] hence the reason for germinating BR under low oxygen tension.
Sasaki et al. [11] reported that H 2 O 2 pretreatment of seeds affected the germination rate and the growth rate of germinated seedlings at different temperatures. This underscores the choice of different temperatures for the current study. Table 2 shows that H 2 O 2 pretreatment enhanced the elongation of sprouts. The elongation of sprouts more than 2 mm after final germination was significantly higher (p < 0.05) for the H 2 O 2 solution than the control, especially at 35 o C using a pre-germination time of 6 h. Although, after a 24 h germination at 35 o C, sprout length was predominantly between 1 and 2 mm, and at 27 o C it was mostly equal to or less than 1 mm. The results, therefore, suggest that higher temperatures germinated more BR under low oxygen conditions similar to the results of Roberts [25] reported. There was no significant difference between soaking in H 2 O 2 or water between Comparisons are between values with same superscript letter (except x ) in the same column. x Values are significantly different (p < 0.05), using analyis of variance (ANOVA). z Values are means ± SD (n = 3). Comparisons are between values with same superscript letter (except x ) in the same column. x Values are significantly different (p < 0.05), using analyis of variance (ANOVA). z Values are means ± SD (n = 3). 1 and 2 mm sprout length except for a 3 h pre-germination time. For the same sprout length, a temperature of 35 o C gave better results (p < 0.05) than 27 o C, while the difference between the 3 and 6 h pre-germination times was not significant (p > 0.05).
Imaging of Rice Kernel During Germination
The appearance of GBR at various germination times was digitally captured, to determine the best germination conditions. When BR was soaked in H 2 O 2 solution at 35 o C and kept in darkness ( Fig. 1) , germination, i.e., radicle emergence, started at 15 h and was almost complete by 24 h after water uptake. The photographs show that radicle elongation increased as germination time progressed. Figure 1a shows that the kernel was already swollen after 6 h of soaking. This was because soaking increased the respiration rate, which is known to continue for about 12 h. [26] Over the course of 24 h, germination had successfully taken place.
EDX Analysis
EDX analysis was done using one GBR kernel germinated at 35 o C in H 2 O 2 solution after a 6 h soaking. Table 3 shows that GBR contained significantly higher levels (p < 0.05) of Cl compared to BR and WR. The levels of Si, P, K, and Ca were similar in BR and GBR but significantly different (p < 0.05) from those in WR. GBR contained significantly higher levels of Mg than BR, but had lower Mg levels than WR. The level of Al was similar in GBR and WR, which had significantly lower levels than in BR. Surprisingly, although germination is a catabolic process that uses up reserves present in the cotyledon for development and growth of the embryo, minerals were spared in this process as shown from the results in which only Mg, Al, and Cl differed significantly between GBR and BR. X-ray analyses of WR and GBR could not detect Fe, Zn, and Se even though they were reported present by Manjusha et al. [18] and Chung et al. [27] based on atomic absorption spectrometry (AAS). These elements are normally found in WR and BR; therefore, our findings suggest that EDX analysis does not have the necessary sensitivity for rice grain analysis. Values with the same superscript letters (except x ) in a row are not significantly different (p > 0.05), using analyis of variance (ANOVA). x Values are means ± SD (n = 3). Figures 2 and 3 show the distribution of elements in GBR and WR respectively, using a mapping method. The mapping of one whole GBR kernel showed that seven elements were detected in GBR compared to four elements in WR. Si, Cl, and Ca deposits were not detected in WR on EDX, while Br was only detected in WR. Figure 2 shows that the elements present in the upper and lower halves of the same GBR kernel are different. The upper half of GBR only had Mg, Cl, K, and Ca, while the lower half had three additional minerals (Si, P, and S). The mineral contents in the lower half of GBR were higher than in the upper part, and Ca was the lowest compared to the other minerals. Figure 3 shows that elements present in the upper and lower halves of the same WR kernel are similar; they both have Mg, P, K, and S, although the lower part had higher amounts. Figures 4 and 5 further show the EDX spectra together with elements obtained from two halves of GBR and WR grains, respectively. Several elements are known to be present in rice including but not limited to Cr, Cd, Pb, Fe, Mg, Zn, Se, Na, K, Br, As, Rb, Zn, Co, and Sc; [18, 19, 27] however, their detection depends on which analytical technique is used. This current study shows how EDX can detect some but not all elements found in rice, suggesting that it may not be sensitive enough, and likely not a suitable method, to study elemental distribution in rice. However, considering the ease of conducting EDX and the lack of sample preparation, [20] it may be useful in studying specific elements in rice grains, like those detected in the current study, without destroying the grains. Furthermore, the rice varieties did not contain other undetected elements since, generally speaking, the mineral composition of rice is determined by rice variety, degree of milling and growing environment. [28] Interestingly, there are no studies reporting the mineral composition of the Malaysian rice varieties analyzed in the current study, making comparisons difficult.
Finally, it is common knowledge that EDX can be used as a screening tool to detect elements in grains, and it was also shown that EDX can be used to study the elemental composition of WR, BR, and GBR together with their distribution through mapping.
CONCLUSION
The current study confirmed the previously reported germination enhancing effects of chemical pretreatment, higher temperatures, and low oxygen tension on rice seeds. Additionally, it was also found that Mg, Al, and Cl are affected by germination. Further studies are needed to determine the full mineral composition of these rice varieties and how the minerals are affected by germination by using analytical techniques other than EDX. However, EDX may be useful in studying any of the specific minerals that the current study has shown to be detectable by EDX.
